We present the first experience with a three-level double resonance experiment performed with a microwave Fourier transform spectrometer. The results are described by a theoretical treatment based on three-level Bloch equations.
Introduction
Battaglia, Gozzini, and Polacco [1] , Shimoda, Yajima [2, 3] , and Cox, Flynn, and Wilson [4] supplemented microwave spectroscopy by double resonance and thereby increased the versatility and applicability of this field of spectroscopy. In the course of our efforts to develop microwave Fourier transform spectroscopy (MWFT) of molecular gases in thermal equilibrium [5] [6] [7] [8] , we tried to test whether double resonance experiments are possible with this technique.
Experimental
To perform a double resonance experiment, it is necessary that two radiations interact with the molecular ensemble. A signal radiation detects the changes introduced by a usually strong pump radiation, which is resonant or near resonant to a transition as shown in Figure 1 . It is essential that the pump radiation is prevented from reaching the detection system, i.e. the performance of the MWFT spectrometer as described earlier [6] should not be disturbed.
These conditions could be fulfilled in the first place by replacing the waveguide to coax transition 9 a of Fig. 1 in Ref. [6] by a special tunable transition, on the back side of which an R-band waveguide (26.4-40 GHz, 22 GHz cut off) is introduced. Through this the pump radiation is fed into the sample cell of 23 x 23 mm cross section (see Figure 2) . The pump radiation is supplied by a phase stabilized BWO and is amplified by a TWTA. A maximum of 2 W was available. Secondly we put a band and low pass filter in front of the switch 23 of Fig. 1 in Ref. [6] , Carbonylsulfide, 16012C32S, 16()12C34S, and i8Qi2Q32g in natural abundancies were used for this test. As can be seen from Fig. 3-7 a double resonance doublet was observed. The behaviour of the doublet with variation of pump frequency, pump power and gas pressure reminds of the results from Reprint requests to Prof. Dr. H. Dreizier, Institut für Physikalische Chemie, Olshausenstr. 40-60, D-2300 Kiel. [6] . Numbers in circles refer to Fig. 1 steady-state double resonance experiments. However, the experimental conditions are somewhat different. In MWFT spectroscopy a transient emission following a strong polarizing jr/2-pulse is observed. For further details see the following section.
It may be pointed out that the high resolution of MWFT spectroscopy is very useful for resolving the doublet. Using the symmetry of the doublet we were able to adjust the pump frequency to ± 1 kHz for the transition J = 2-l of 16012C32S to 24325.927 MHz. A frequency of 24325.930(20) MHz was reported [9] .
Theory
A sufficient model to describe the experimental findings given above is that of a three level system with the energy levels Ea<.Eb<Ec and the two dipole-allowed transitions between E& and E^ (sig- nal transition) and between Eb and Ec (pump transition). The following theoretical treatment is based on the three-level Bloch equations formalism, which has been derived earlier by Feuillade et al. [10] . In contrast to the normal description of steady-state double resonance experiments [11] (assuming high pump and low probe microwave power), transient solutions of the Bloch equations will be considered here to describe the behaviour of the system after a high power signal pulse excitation in the presence of a high power pump radiation.
For our experimental setup the microwave radiation is given by a superposition of pump and signal microwave radiation, plane polarized along the same direction (parallel fields) £ = 2 £p COS Ct)p i -j-2 £g COS (Os t.
(1)
where ep and es denote the electric field amplitude of the pump and signal radiation with angular frequencies (Op and cos respectively. With (1) under the impact approximation, "three-level Bloch equations" have been derived by considering the equation of motion of the density matrix for the three-level system [10] . The time dependent behaviour of the variables describing the ensemble of three-level systems is then given by a set of coupled differential equations corresponding to a superposition of states for the energy level pairs Eb), (Eb, Ec) and (E&, Ec) respectively. The quantities Us(Up) and FS(FP) are proportional to the in-and out-of-phase component of the macroscopic polarisation with respect to the external signal (pump) microwave radiation [12] , in contrast to U and V which do not correspond to a dipole polarization as the transition dipole matrix element juac is assumed to be zero. The other symbols used in (2) are
Aco s = (En -Ez)l% -cos, A(op = (Ec -Eb)IK -cop, Ao = A(os + A(op (4a-c)
the deviations of the incident radiations from resonance, and Xs = (2/lab/ft) £s, Xp = (2/abc/^)£p, (4d-e) the Rabi frequencies of signal and pump transition with the dipole matrix elements /uab and jubc respectively. To allow for collisional relaxation a set of relaxation parameters for the different elements of the density matrix is introduced into the equations where yx, yy, yz and yw concern the relaxation of population (see [10] for definition), and T| b , T\ Q and T| c are the relaxation times for the superposition of the indicated pairs of levels. We now proceed and discuss the solutions of (2) as applied to the Fourier transform double resonance experiment described in this paper. According to the experimental procedure the pump microwave radiation is assumed to continuously irradiate the sample gas. The time interval between the signal microwave pulses of duration ti is considered to be long with respect to the relaxation times so that it is sufficient to describe the dynamical behaviour of the system by a single pulse excitation. Identifying the start of the signal microwave pulse by t = 0 we then have £P =j=0, £s = 0 for t^O, (5a) (period A) £P 0, £s+0 for (5b) (period B) £P =#0, £S = 0 for t^h.
(5c) (period C)
To obtain solutions of (2) for the different periods of time, both signal and pump microwave radiation have been assumed to be resonant with the pump and signal transition respectively, giving with (4a-c)
For further simplification some approximations have been made with respect to the relaxation parameters in (2) . Firstly, identical coherence decay times (Tf* = = T| c ) have been assumed as was found experimentally for the considered system [13] , [14] , and [15] . Secondly, cross-relaxation between the variables IFS and IFP representing population differences may be neglected with respect to Tirelaxation of IFP and IFS itself [10] (yw, yz <^ yx, yy) which is assumed to be described by identical T\-relaxation times [16] (yx = yy). Finally, by using the experimental findings of a rather small difference between T±-and 2Vrelaxation times for OCS two level systems [13 -15] , [16] , we may approximate a = = yx = yv (ij = ab, bc, ac). (7) Although this approximation does not hold rigorously, the result obtained with it presents the most important features of the solutions under consideration.
With the approximations given above, the solutions of (2) are found straightforwardly for the different periods of time. To obtain the initial conditions at the time f = 0, we may use the steadystate solutions of (2) for period A (no signal microwave for times £< 0 which are long with respect to the relaxation times), giving with (5a), (6) and (7) tfs ( i.e. saturation of the pump transition. For period B (0 f^tf^h) we may neglect the collisional damping terms in (2) for a signal pulse duration which is short with respect to the relaxation times (£i<l/a). We then obtain with the initial conditions (8) , (9) at £ = 0 the following solutions for 0 ^ t t\ Us(t) = 0,
Vs(t) = -(xsl8QS)Ws(0)
• {2x 2 sinQt + ®f sin2ß^},
WB{t) = (llSQ*)WB{0)
• cos Qt + (4^/4 + ^/2)
• cos 2Qt + xJ/2 -Zpaf/4},
Vp(t) = -(xpx!l8Q*)Ws(0)
• {2 sinQt -sin2Qt},
Wp(t) = (I?J8Q*)WB(0)
• {xl cos Qt -(«5/2 + aJ/4) cos 2Qt It may be noted that the transient double resonance solutions (10) for the time dependencies of the polarization components in quadrature to the external MW fields Fs and ~ Fp) and of the population differences JFS and ~ Wp) are more complicated than for the single resonance two-level case. In particular, no simple condition for optimum polarization of the sample gas (such as a 7r/2-pulse) may be formulated for the double resonance case. In addition to polarization and population difference, a nonzero coherence between the levels E& and EC U) is created which may be ascribed to a transient two-photon double resonance effect.
At the time t = t\ the signal microwave radiation is switched off and transient solutions of (2) for t^tti (period C) may be obtained for es = 0 and the initial conditions (10) at t -t\. We are interested here only in the solutions for Us and Fs which are related to the observable quantities in our experiments (see below), given by
To obtain the polarization P of the sample gas which may be observed in the transient and steadystate regime, we used the equation of definition for P P = NTx{tiQ), (12) where N is the number density of molecules, o the density matrix and fx the matrix of the dipole moment operator. Using the real-valuedness of the transition dipole matrix elements, we then obtain, using the transformation of q into the interaction representation [17] , and (3a-d)
In our experimental arrangement, microwave radiation with frequency components close to cop is blocked from reaching the detection system (see Fig. 2 ) and therefore not observed. Consequently only the first two terms in (13) have to be considered further (slowly varying amplitude functions assumed). The detected microwave field which is emitted by the molecular sample gas at times t ^ t\ is then proportional to the polarization [18] P(t') = N^{Us(t') cos cost' -Vs{t') sin a>st'} (14) which may be rewritten with (11)
P(t')= -(A>ab/2)exp(-aO •{Vs(h)(sm(cos + Xpl2)t' + sin (cos -Xp/2) t') + U(h)(cos(coa + xpl2)t'
-cos (cos -Xp/2) t')} .
Equation (15) represents the superposition of two decaying signals oscillating at the frequencies o)s + Xp/2 and cos -xp/2 respectively. With Fourier transformation from the time to the frequency domain we then have a superposition of two Lorentzian lines with center peaks at coi/2 = CJOs ± xv/2 as observed in our experiments. According to (4e) the line splitting is pump power dependent and given by 
This result is in agreement with the familiar coherence splitting of double resonance lines which have been predicted earlier [11] in a description of steadystate double resonance experiments under the condition of high pump power and low probe microwave pow r er.
Conclusion
In view of the many possible modifications and applications we hope that the Fourier transform double resonance can be developed to an as useful tool as double resonance already is in normal microwave spectroscopy.
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